Introduction
Complement is one of the major effector pathways by which antibodies destroy cellular targets to which they bind. [1] [2] [3] [4] C3 plays a pivotal role in this process both by serving as a direct opsonin after attaching to surfaces in the form of C3b and also by leading to downstream assembly of the membrane attack complex. [5] [6] [7] In addition to fixation of C3, antibodies can opsonize cellular targets through ligation of Fcg receptors (FcgRs). 8, 9 Although straightforward in concept, the destruction of targets by antigen-bound antibodies is a dynamic process, with multiple regulatory components. 10, 11 For example, self-tissues have several pathways that actively inhibit complement activation. Moreover, once deposited, C3b is broken down into iC3b, C3d, and C3dg. 12 In this way, self-tissues have evolved methods to avoid destruction by binding of self-antibodies.
In addition to regulating the effector function of bound antibodies, the targets of antibody binding can undergo compensatory changes. Antigen modulation is a process by which target cells alter the antigens being recognized by the antibody in question. Antigen modulation occurs in multiple settings with different target tissues and antigens, including nicotinic cholinergic receptors in myasthenia gravis, desmogleins in pemphigus vulgaris, glycoproteins on platelets, and HLA on transplanted tissues. 13 The phenomenology of antigen modulation in humans has been repeatedly described in the context of antibodies binding red blood cells (RBCs). [14] [15] [16] [17] [18] [19] [20] This outcome has been termed depressed antigen, antigen suppression, weakened antigenicity, and antigen loss and has been observed for multiple blood group antigens, including Kell, RhD, RhC, Rhe, Jka, Jkb, Gerbich, LW, AnWJ, and Cromer. Among these, antigen modulation has been described most frequently for antigens in the Kell system. Nevertheless, despite the multiple settings in which antigen modulation occurs and its frequency in RBC biology, relatively little is known about its mechanistic underpinnings.
Although immune-mediated destruction of RBCs is often the result of auto-or alloantibody binding, it is not the inevitable outcome. In some cases, transfusion of a unit of RBCs against which a recipient has an alloantibody (ie, an "incompatible" unit) causes no clinical symptoms, with the transfused RBCs remaining in circulation and the hematocrit increasing appropriately. 21, 22 In other cases, all of the incompatible RBCs clear rapidly in a hemolytic transfusion reaction (HTR), potentially resulting in coagulopathy, renal failure, and death. In fact, HTRs are a leading cause of transfusion-associated death. The mechanism(s) by which anti-RBC antibodies have such different effects remain poorly understood; however, antigen modulation has been described in some RBCs that escape destruction from allo-or autoantibodies.
To investigate antigen modulation in a reductionist setting, we have recently described a transgenic mouse model with expression of the human Kell glycoprotein (KEL2) specifically on RBCs. The RBCs from KEL2 mice have a normal circulatory lifespan and are recognized by antibodies that bind to the main significant antigens in the Kell system, in particular KEL2, Kp b , and Js b . 23 We have recently reported that KEL2 RBCs transfused into wild-type (WT) recipients induce an anti-KEL glycoprotein response. 24 Herein, we report that anti-KEL immunoglobulins induce antigen modulation on incompatible KEL2 RBCs, with C3 playing a role not only in this antigen modulation but also in cellular clearance. FcgRs likewise contribute to RBC clearance in this Kell model but are not required for antigen modulation. In aggregate, these studies provide the first report of complement-associated antigen modulation using an authentic human RBC antigen system, for which HTRs and antigen modulation have also been observed in humans.
Methods
Mice C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD). KEL2 transgenic mice expressing the human KEL glycoprotein were generated by our laboratory. Donor KEL2 RBCs have approximately 2000 copies of the KEL2 antigen on their cell surface and have previously been published as "KEL2A."
23 C3 knock-out (KO) and common g chain (FcgR) KO (Fcer1g) mice were purchased from Jackson Laboratories (Bar Harbor, ME) and Taconic Farms (Hudson, NY), respectively. All mice used in these studies are on a C57BL/6 background, thus avoiding any potential major histocompatibility complex mismatch. All animals were housed in the Emory University Department of Animal Resources facilities, and all procedures and protocols were approved by the Emory University Institutional Care and Use Committee.
Antibodies and passive immunization
Antisera against the KEL glycoprotein was generated by transfusing KEL2 RBCs into recipients pretreated with an intraperitoneal injection of 100 mg poly (I:C) (Amersham/GE Healthcare, New York, NY) a total of 3 times, separated by 2 weeks. Pooled sera collected 2 weeks after the final transfusion was tested for KEL binding ability by flow crossmatch using KEL2 or control C57BL/6 RBCs as targets, using APC-conjugated goat anti-mouse IgG (BD Biosciences, San Jose, CA) or horseradish peroxidase-conjugated goat antimouse IgM or IgG subtypes (Bethyl Laboratories, Montgomery, TX), plus anti-horseradish peroxidase Cy5.5 (Jackson Immunoresearch Laboratories, West Grove, PA). Because the entire human KEL glycoprotein is present on donor RBCs but absent on recipient RBCs, the antibody response is "anti-KEL glycoprotein," referred to herein as anti-KEL; however, this is not to be confused with antibodies specific for human polymorphisms (eg, anti-KEL1 or anti-KEL2). In passive immunization experiments, recipient mice were given 25 mL anti-KEL antiseruma intravenously 2 hours prior to transfusion.
Murine blood collection, fluorescent labeling, and transfusion Donor KEL2 or WT C57BL/6 RBCs were collected into acid citrate dextrose and washed 3 times to remove residual citrate. Prior to transfusion, RBCs were labeled with chloromethylbenzamido 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (CM-DiI) or 3,39-dihexadecyloxacarbocyanine perchlorate (DiO) according to the manufacturer's instructions (Molecular Probes, Eugene, OR) and as previously described. 25 After labeling, cells were washed at least 3 times to remove any unbound dye. Experimental and control RBCs were mixed at a 1:1 ratio, and recipient mice were transfused via lateral tail vein with 50-75 mL (equivalent of 1 human unit) of each type of blood. Survival of the transfused RBCs was determined by comparing the ratio of circulating KEL2 RBCs to control RBCs in recipients at select time points posttransfusion; in some experiments, posttransfusion blood smears were Wright-Giemsa stained and analyzed.
Cytokine and urine analysis
Serum was evaluated posttransfusion for interleukin-6, keratinocyte-derived chemokine, monocyte chemoattractant protein-1, and macrophage inflammatory protein-1b, using a Cytometric Bead Array Mouse Flex Kit (BD Biosciences); heme was measured by cyanomethemoglobin assay. Urine was evaluated posttransfusion, with absorbance measured at optical density (OD) 414 nm.
Flow cytometry
Transfused RBCs were analyzed for the presence of bound anti-KEL antibody by performing a direct antiglobulin test (DAT), using Alexafluor 488-conjugated goat anti-mouse IgG (Jackson Immunoresearch, West Grove, PA) or goat anti-mouse immunoglobulin conjugated to allophycocyanin (BD Biosciences PharMingen, La Jolla, CA). Antigen levels were determined by staining transfused RBCs with anti-KEL antisera, followed by the same secondary antibody. Transfused RBCs were analyzed for binding of all forms of C3 or active forms of C3 using biotinylated rat anti-mouse complement component C3 (clone RmC11H9) or mouse anti-human/mouse C3/C3b/iC3b (clone 10C7) (Cedarlane, ON, Canada), respectively, followed by Streptavidin conjugated to allophycocyanin secondary (BD Biosciences PharMingen). All antibodies were used at a 1:100 dilution, and samples were analyzed on a 4-color BD FACSCalibur.
Statistical analysis
All statistical analyses were performed using Graphpad Prism software (San Diego, CA). A Student t test was used to determine significant differences between 2 groups, and a 1-way analysis of variance with a Tukey post test was used to determine significance between three or more groups. Error bars represent 1 standard deviation, and significance was determined by a P value of <.05.
Results

Transfusion of KEL2 RBCs induces anti-KEL glycoprotein alloantibodies
To determine baseline immune responses to KEL2 RBCs, we transfused WT C57BL/6 (B6) mice with the volume-adjusted equivalent of 1 human unit of KEL2 RBCs. Immune responses were tracked serially posttransfusion by flow cytometry, using KEL2 or B6 RBCs as targets ( Figure 1A ). B6 recipients of KEL2 RBCs generated anti-KEL glycoprotein IgG, which was detectable in the serum approximately 5-7 days posttransfusion, and increased over time ( Figure 1B ). This was not a nonspecific antibody, because it bound to KEL2 but not B6 RBCs; furthermore, no anti-KEL was detected in syngeneic recipients following KEL2 RBC transfusion.
Although nearly 100% of transfused B6 mice generated anti-KEL glycoprotein antibodies following a single transfusion of KEL2 RBCs, the antibody levels varied between recipients. To study the mechanisms of RBC clearance in animals with uniform levels and composition of anti-KEL, we therefore switched to a passive immunization model. To generate antisera for this model, we transfused B6 mice 3 times with KEL2 RBCs, and antisera was pooled 2 weeks after the final transfusion. The IgM and IgG subtype composition of these antisera was determined by flow cytometric crossmatch ( Figure 1C) . These antisera were then injected IV into recipient mice to allow passive immunization with a defined titer and composition of anti-KEL.
Passive immunization of polyclonal anti-KEL results in incompatible RBC clearance
Clearance of the KEL2 RBCs in animals passively immunized with polyclonal anti-KEL was tracked by evaluating the ratio of DiI-positive KEL2 RBCs to DiO-positive B6 RBCs (Figure 2A shows gating strategy). By analyzing KEL2 RBC survival as a function of B6 RBC survival, we were able to control for factors such as injection volume, sera collection over time, and non-antigenspecific clearance due to normal cell turnover or damage during collection or labeling. A titration of anti-KEL showed essentially no clearance of KEL2 RBCs at very low doses, with maximal clearance noted using 25 mL of antisera ( Figure 2B ). No additional clearance was observed with higher amounts of antisera, and no KEL2 RBC clearance was observed in the saline control arms ( Figure 2C ). All subsequent studies were performed using a 25-mL dose of anti-KEL, with analyses limited to the first 24-48 hours posttransfusion to avoid the confounder of the recipients' own anti-KEL responses.
Following incompatible KEL2 RBC transfusion, recipient serum was evaluated for cytokines, serum and urine were evaluated for free heme, and blood smears were generated. Elevations in keratinocyte-derived chemokine, monocyte chemoattractant protein -1, macrophage inflammatory protein -1b, and TNF-a were observed 2 hours after the transfusion of KEL2 RBCs in immunized but not nonimmunized recipients ( Figure 2D ). Additionally, free heme was noted in the serum visually as well as by cyanomethemoglobin assay ( Figure 2E ), and heme was noted in the urine visually as well as by OD414 absorbance ( Figure 2F) . Analysis of the Wright-Giemsa-stained blood smears under a brightfield microscope showed no obvious increase in spherocytes after incompatible transfusion ( Figure 2G ), though our detection abilities were limited given transfused blood volumes. Taken together, these data suggest that intravascular hemolysis is playing a significant role in the early clearance of incompatible KEL2 RBCs.
C3 binds to transfused KEL2 RBCs in immunized recipients and is rapidly inactivated
C3 deposition is a key component both in antibody-induced opsonization (through C3 receptors) and through generation of downstream complement components that lead to assembly of the membrane attack complex. To test the extent of C3 deposition in response to anti-KEL binding of KEL2 RBCs, we modified the DAT approach above by using anti-C3. Utilizing an antibody that recognizes all forms of C3, we observed substantial reactivity with anti-C3 on KEL2 but not B6 RBCs after an incompatible transfusion ( Figure 3A ; representative histograms are provided below graph). C3 deposition on KEL2 RBCs was detected as early as 10 minutes posttransfusion and then progressively diminished over time. This bound C3 was not an artifact of the passive immunization model, because C3 was also observed during primary active immunization (data not shown). To monitor C3b degradation, we performed DATs with an antibody that recognizes C3b and iC3b but not C3g or C3dg. C3/ C3b/iC3b was detectable at early time points; however, unlike total C3 staining that was detected out to 24 hours posttransfusion, C3/C3b/iC3b staining became essentially undetectable by 2 hours ( Figure 3B ). To assess the functional role that C3 plays in clearance of KEL2 RBCs by anti-KEL, we used recipients with a targeted deletion of the C3 gene (C3 KO). C3 KO recipients consistently had lower levels of KEL2 RBC clearance than did WT B6 mice ( Figure 4A ). However, clearance of RBCs was not eliminated in the C3 KO mice. To assess the role of FcgRs in KEL2 RBC clearance, we performed analogous studies in mice with a targeted deletion of the common g chain for FcgRs (g-chain KO mice). The g-chain KO mice lack functional FcgRI, FcgRIII, and FcgRIV. Clearance of KEL2 RBCs by anti-KEL was also decreased in g-chain KO mice in comparison with WT B6 ( Figure 4A ). Our interpretation of these data are that C3, FcgRI, FcgRIII, and FcgRIV are involved but not solely responsible for clearance of incompatible KEL2 RBCs.
Anti-KEL induces antigen modulation of KEL2 in surviving RBCs by a mechanism involving C3
To test the extent to which IgG remained bound to KEL2 RBCs that survived incompatible transfusion, we performed DAT analysis using an anti-IgG reagent. Anti-IgG was readily detected after gating on KEL2 RBCs but not on B6 RBCs (Figure 5A shows representative histograms). This signal was specific for anti-KEL, because recipients transfused with saline instead of polyclonal anti-sera had essentially negative DATs, and B6 DiO-labeled RBCs also had essentially negative DATs. The intensity of anti-IgG staining progressively decreased over 24 hours in WT B6 mice, with a similar decline observed in g-chain KO mice. In contrast, a lesser decrease in detectable IgG with slower kinetics was observed in C3 KO mice. (combined data in Figure 5B) .
To test the hypothesis that antigen modulation may be induced by incompatible transfusion, we analyzed levels of KEL glycoprotein on circulating KEL2 RBCs by staining with the same polyclonal anti-KEL used for passive immunization. Similar to what was observed with respect to bound anti-KEL IgG in the DATs, the level of detectable KEL glycoprotein also decreased over time in both WT B6 as well as g-chain KO recipients ( Figure 6A shows representative histograms; combined data are shown in graph form in Figure 6B ). In contrast to what was observed in WT or g-chain KO mice animals, C3 KO recipients had fairly stable levels of KEL2 antigen detected out to 2 hours posttransfusion. However, a decrease in detectable KEL2 antigen was observed in C3 KO mice, albeit to a lesser degree and with slower kinetics than in WT animals. Taken together, these data suggest that antigen modulation occurs on KEL2 RBCs that survive incompatible transfusion and that C3 is likely involved in this process.
Selective destruction of RBCs with the highest level of KEL glycoprotein may occur at early but not later posttransfusion time points
A simple explanation for the observed changes in KEL2 antigen level following incompatible transfusion is that the cells with the highest levels of KEL2 antigen are the most susceptible to complement-mediated lysis. To test this hypothesis, we compared the percentage of incompatible KEL2 RBCs that cleared over discrete time intervals posttransfusion with the percentage of cells experiencing "antigen modulation" over the same period of time. In a representative experiment, 41.5% of KEL2 RBC transfused into a WT mouse in the presence of passively administered anti-KEL cleared in the initial 10 minutes after transfusion, 12.8% cleared between 10 minutes and 1 hour after transfusion, and 17% cleared between 1 and 24 hours after transfusion ( Figure 7A ). In contrast, there was a 54.8% change in KEL2 antigen detected at 10 minutes in comparison with pretransfusion, a 48.5% change in KEL2 antigen detected at 1 hour in comparison with 10 minutes, and a 65.4% change in KEL2 antigen detected at 24 hours in comparison with 1 hour posttransfusion ( Figure 7B ). Juxtaposition of graphs comparing clearance of circulating cells with a change in KEL2 antigen detectability ( Figure 7C ) suggests that although "antigen modulation" may simply reflect removal of the KEL2 RBCs with the highest level of expression, the percentage of cells undergoing clearance at the later time intervals is significantly outweighed by the percentage of cells experiencing antigen modulation, strongly suggesting that selective destruction of the highest-expressing KEL2 RBCs does not 
Discussion
These studies describe a murine model in which polyclonal anti-KEL immunoglobulins are generated through transfusion 24 and are used to examine clearance following passive immunization. The RBC biology of incompatible transfusion in this model is multifaceted, with rapid intravascular clearance of a subset of incompatible RBCs, yet persistent circulation and apparent antigen modulation of other circulating transgenic RBCs. Similar findings have also been described in humans, with hemolysis of a subset of Kell RBCs yet antigen modulation of surviving Kell RBCs. [14] [15] [16] [17] [18] [19] [20] Thus, the RBC clearance, RBC survival, and antigen modulation observed in our murine studies parallel what is known to occur in humans. The current model is the first described in which C3 is involved not only in antibody-induced incompatible RBC clearance but also in apparent antigen modulation. C3 KO recipients not only have blunted RBC clearance rates but also have lesser degrees of antigen modulation than do WT recipients. It has been shown that C3 can be fixed after antibody binding to an extent that the bound C3 obfuscates binding of the detection immunoglobulin, and the most simplistic explanation of our findings is that C3 is merely masking the detectable antigen. However, a careful analysis of the kinetics seems to rule out this possibility. In particular, the C3-specific DAT detects peak C3 fixation by 10 minutes posttransfusion, yet antigen modulation is ongoing during a posttransfusion interval (2 hours to 24 hours) in which all detectable forms of C3 are decreasing. Thus, engagement of one of several distinct complement receptor pathways may be important in complement-mediated antigen modulation. Ongoing studies are exploring these possibilities.
It is theoretically possible that antigen modulation following incompatible transfusion simply reflects selective removal of antigen high cells within the transgenic antigen-positive population. Consistent with this, the percentage of cells undergoing clearance within the first 10 minutes posttransfusion parallel the percentage experiencing antigen modulation. However, close analysis of antigen modulation and clearance over subsequent time intervals demonstrates that a much higher percentage of cells experience antigen modulation than undergo clearance, strongly suggesting, at least for these later time intervals, that antigen modulation does not solely reflect preferential clearance of cells with higher levels of antigen. Furthermore, the percentage of cells experiencing antigen modulation is significantly attenuated in C3 KO recipients, despite clearance of over half the cells by 24 hours posttransfusion. In addition, antigen modulation in this incompatible RBC setting does not result in the presence of detectable spherocytes by blood smear or to obvious changes in RBC size by flow cytometry. Taken together, these data support a process of antigen modulation involving complement, and a process that is not solely an artifact of complement lysis-dependent selection of clearance of RBCs with the highest levels of KEL2 expression.
Analogous to the initiation of distinct effector pathways following antibody engagement, the results of the present study suggest that similarly unique pathways likewise evolved to regulate antibodyantigen interactions. For example, recent studies have demonstrated that antigen modulation also occurs after antibody engagement of membrane-bound hen egg lysozyme on transgenic RBCs following transfusion. 25, 26 However, in contrast to the present findings, antibodyinduced modulation of membrane-bound hen egg lysozyme not only occurs in the absence of complement but also requires Fc g receptors to be initiated. Although Fc receptors appear to play some role in antigen modulation following anti-KEL2 antibody engagement, C3 appears to play a primary role in antigen modulation in the present model, providing a unique, complement-dependent mechanism whereby cells experience significant alterations in antigen following antibody engagement. It remains possible that the primary antigenmodulation pathway engaged after antibody binding in various settings reflects the principle effector pathway used for clearance, For personal use only. on February 3, 2017. by guest www.bloodjournal.org From because complement also appears to play a more significant role in anti-KEL2-mediated clearance. Regardless, these results suggest that different antibody effector mechanisms likely possess distinct regulatory pathways that may ultimately result in a similar outcome of antigen modulation following antibody engagement.
Although the vast majority of antibody contained in the polyclonal preparation used herein for passive transfer was IgG, a small amount of IgM was also present. Ongoing experiments are evaluating the ability of different class-switched monoclonal antibodies to bind to KEL2 RBCs, fix C3, and lead to clearance. It must also be stated that the polyclonal anti-KEL preparation used in these studies is against the entire KEL glycoprotein and not merely against the KEL1 or KEL2 epitopes, and it is known that antibody clustering impacts C3 binding efficiency. Thus, although this is a model of HTRs, the antigen/antibody characteristics and interactions are not exactly like those observed in the human setting involving anti-KEL1 or anti-KEL2 alloantibodies. 21, 27 Efforts are ongoing to generate transgenic founder animals with different levels of KEL expression, which will serve to further investigate the importance of antibody clustering in C3 binding and incompatible RBC clearance.
In addition to its destructive role, C3 has also been reported to be protective toward cells. 28, 29 The cells that remain in circulation beyond 10 minutes in our model have significant levels of bound "inactive" complement, staining positive for C3 but not the active C3, C3b, or iC3b. Thus one could consider a scenario in which active forms of complement play a destructive role with regard to incompatible KEL2 RBC clearance and yet inactive forms play a protective role. Ongoing studies are investigating whether complement binding or other methods of in vitro antigen modulation may allow for safer transfusion of RBCs in certain situations involving highly alloimmunized recipients.
Mechanistic analysis of clearance pathways in the current system results in a complex landscape with multiple participants. Deletion of the g-chain (which results in lack of functional FcgRI, FcgRIII, or FcgRIV) or deletion of C3 decreases but does not eliminate clearance. This suggests that both FcgRs and C3 are involved in RBC clearance, yet other pathways potentially exist. Because the g-chain KO mice have intact FcgRIIb signaling, it also remains possible that FcgRIIb is responsible for the remaining clearance in g-chain KO mice; however, FcgRIIb has generally been observed to function as an inhibitory pathway and is not widely known to participate in active clearance. 30, 31 In addition, we have recently reported that some antibody-induced RBC clearance pathways function through mechanisms involving neither C3 nor Fcg Rs. 32 Thus, the residual clearance in this system may represent such alternative clearance biology.
The ability to prevent C3-mediated destruction of both allogeneic and self-RBCs may be clinically beneficial in certain situations. For example, at times it is impossible to locate compatible RBCs for transfusion in highly alloimmunized individuals, and the ability to "mask" incompatible antigens, either through inactive complement or other mechanisms, may allow for safer transfusion. The use of complement receptor inhibitors has in fact been proposed in such situations, though targeted therapy of the RBCs themselves may be an even more desirable strategy. 33, 34 Recently, the use of C1 esterase inhibitor concentrates has been described in a refractory case of C3-mediated autoimmune hemolytic anemia, with an increase in hemoglobin and a decrease in lactate dehydrogenase levels, suggesting a therapeutic benefit. 35 In summary, our murine model with RBC-specific expression of a clinically significant human RBC antigen is the first to be described in which C3 plays a role in clearance as well as probable antigen modulation. This model begins to add to the understanding of antigen modulation, a phenomenon now reported multiple times in both humans and animals, in many different settings. In addition to providing evidence that C3 is likely playing a role in RBC antigen modulation, our model may also serve as a platform for the future development of strategies to minimize the dangers of RBC incompatibility through intentional antigen modulation or through alteration of clearance pathways involving C3.
